Electric-field effect on the easy cone angle of the easy-cone state in CoFeB/MgO investigated by ferromagnetic resonance by Atsushi Okada et al.
Electric-field effect on the easy cone angle
of the easy-cone state in CoFeB/MgO
investigated by ferromagnetic resonance
著者 Atsushi Okada, Shun Kanai, Shunsuke Fukami,










Creative Commons : 表示 - 非営利 - 改変禁止
http://creativecommons.org/licenses/by-nc-nd/3.0/deed.ja
Appl. Phys. Lett. 112, 172402 (2018); https://doi.org/10.1063/1.5026418 112, 172402
© 2018 Author(s).
Electric-field effect on the easy cone angle
of the easy-cone state in CoFeB/MgO
investigated by ferromagnetic resonance
Cite as: Appl. Phys. Lett. 112, 172402 (2018); https://doi.org/10.1063/1.5026418
Submitted: 19 February 2018 . Accepted: 09 April 2018 . Published Online: 23 April 2018
Atsushi Okada, Shun Kanai, Shunsuke Fukami, Hideo Sato , and Hideo Ohno
ARTICLES YOU MAY BE INTERESTED IN
Spin-orbit torques in high-resistivity-W/CoFeB/MgO
Applied Physics Letters 112, 192408 (2018); https://doi.org/10.1063/1.5027855
Non-linear variation of domain period under electric field in demagnetized CoFeB/MgO stacks
with perpendicular easy axis
Applied Physics Letters 112, 202402 (2018); https://doi.org/10.1063/1.5035487
Perspective: Spintronic synapse for artificial neural network
Journal of Applied Physics 124, 151904 (2018); https://doi.org/10.1063/1.5042317
Electric-field effect on the easy cone angle of the easy-cone state
in CoFeB/MgO investigated by ferromagnetic resonance
Atsushi Okada,1 Shun Kanai,1,2,3 Shunsuke Fukami,1,2,3,4,a) Hideo Sato,1,2,3,4,a)
and Hideo Ohno1,2,3,4,5
1Laboratory for Nanoelectronics and Spintronics, Research Institute of Electrical Communication,
Tohoku University, Sendai 980-8577, Japan
2Center for Spintronics Research Network, Tohoku University, Sendai 980-8577, Japan
3Center for Spintronics Integrated Systems, Tohoku University, Sendai 980-8577, Japan
4Center for Innovative Integrated Electronic Systems, Tohoku University, Sendai 980-0845, Japan
5WPI-Advanced Institute for Materials Research (WPI-AIMR), Tohoku University, Sendai 980-8577, Japan
(Received 19 February 2018; accepted 9 April 2018; published online 23 April 2018)
We investigate the effect of an electric field on the cone angle of the easy-cone state in a
CoFeB/MgO stack by ferromagnetic resonance as a function of temperature. We find that the easy
cone state appears in the CoFeB/MgO system below 200 K. The application of electric field E
modulates the effective first-order magnetic anisotropy energy constant, whereas the second-order
magnetic anisotropy energy constant is almost independent of E, resulting in the variation of the cone
angle by E. The present observation reveals the importance of the modulation of the magnetic anisot-
ropy by E in magnetic tunnel junctions exhibiting an easy-cone state under spin-transfer-torque-induced
switching. Published by AIP Publishing. https://doi.org/10.1063/1.5026418
Magnetic tunnel junctions with a perpendicular easy axis
(p-MTJs) are critical building blocks in spintronics-based inte-
grated circuits where spin-transfer torque (STT) is utilized as
a writing scheme.1–4 It is necessary to achieve a reduction in
the intrinsic critical current IC0 by spin-transfer torque (STT)
and enhancement in thermal stability factor D at the same
time in order to realize high-performance and low-power spin-
tronics-based integrated circuits. For this purpose, MTJs with
a free layer which exhibit an easy-cone state have recently
attracted much attention.5–7 The easy-cone state is obtained
when the effective first-order perpendicular magnetic anisot-
ropy constant K1
eff and second-order perpendicular magnetic
anisotropy energy constant K2 satisfy a certain condition,
where K1
eff includes a shape anisotropy term. The easy-cone
condition results in canting of the free layer magnetization
from the film normal direction, and the cone angle in the
easy-cone state is determined by the ratio of K2 to K1
eff. By
adopting free layers exhibiting the easy-cone state, the reduc-
tion of both IC0 and switching time was predicted to occur.
6
To obtain the easy cone state, one needs to design the free
layer such that negative K1
eff is obtained, resulting in a reduc-
tion of D. However, by increasing K2, this drawback of nega-
tive K1
eff can be compensated and one can obtain both high D
and low IC0.
8
To induce magnetization switching by STT, one needs to
apply current to the MTJ, during which an electric field E is
also applied. The electric field effect on magnetic properties,
such as Curie temperature,9 coercivity,10 magnetic anisot-
ropy,11 and anomalous Hall coefficient,12 was observed in
magnetic semiconductors and then in metals.13–16 The effect in
metallic CoFeB/MgO has also been studied, which is an essen-
tial material system in p-MTJs for spintronics-based integrated
circuit applications.17 In the CoFeB/MgO system, we obtained
experimental results, indicating the presence of K2,
18–20 which
is necessary to induce the easy-cone state. The presence of K2
in the CoFeB/MgO system was also reported by other
groups.21,22 We have shown that K1
eff is modulated by the
electric-field, whereas K2 shows almost a constant value.
19,20
Thus, one expects that the cone angle is modulated by the elec-
tric field, resulting in the modulation of intrinsic critical current
in STT-induced switching. In this study, we investigate the
electric-field dependence of the cone angle in the CoFeB/MgO
system as a function of temperature by ferromagnetic reso-
nance (FMR).
The stack used in this study, from the substrate side, Ta
(5)/Ru (10)/Ta (5)/Co0.2Fe0.6B0.2 (1.6)/MgO (2)/Al2O3 (5), is
deposited by rf magnetron sputtering on the thermally oxi-
dized Si substrate. Numbers in parentheses are nominal
thicknesses in nm. The stack is annealed at 300 C for 1 h in
vacuum under a magnetic field of 0.4 T applied along the
film normal direction. To fabricate a capacitor structure for
the application of electric fields, the stack is processed into
1 mm/ circular mesas by photolithography and Ar ion mill-
ing. Then, additional gate insulation 32 nm-thick Al2O3 is
deposited by atomic layer deposition, and the top electrode
Cr (3)/Au (50) is formed by evaporation and the lift-off tech-
nique. The capacitance of the device is determined to be 1.0
nF using a LCR meter. The positive sign of the electric field
corresponds to the top electrode being biased positively with
respect to the CoFeB layer. Assuming that the dielectric con-
stant of MgO is 10, the applied electric field at the CoFeB/
MgO interface E is calculated to be 0.013 V/nm with an
applied gate voltage of 1 V.19 To evaluate K1
eff and K2, we
conduct FMR measurements using a TE011 microwave cav-
ity with a microwave frequency of 9 GHz in which the sam-
ple on a quartz rod is inserted. Derivative absorption FMR
spectra with respect to dc magnetic field H are measured as a
function of magnetic field angle hH from the film normal by
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the lock-in technique using a small ac magnetic field of 1 mT
modulated at 100 kHz superimposed on the dc magnetic
field. The lineshape of the FMR spectra is described by a
derivative Lorentz function, and therefore, we define the res-
onance field HR as the center field between the peak and dip
fields. The FMR measurements are done at temperatures T
varying from 4 K to 300 K.
Figure 1 shows the magnetic field angle dependence of
FMR spectra measured at 300 K and 20 K with no applied
electric field. In both cases, HR takes the maximum at hH¼ 0
and decreases with increasing hH, finding a minimum at a cer-
tain hH between 0 and 90. The field angle at which HR takes
the minimum differs for the two cases, indicating that the ratio
of K2/K1
eff is dependent on the temperature.
To investigate the effect of temperature T on K2/K1
eff in
a systematic way, we perform FMR measurements at T vary-
ing from 300 K to 4 K. Figure 2(a) shows the magnetic field
angle dependence of HR as a function of T. As T decreases,
the field angle giving the minimum HR decreases from 64
at 300 K to 50 at 4 K. From the field angle dependence of
HR, we determine the magnetic anisotropy fields HK1
eff and
HK2 by the same method as used in a previous report.
19
HK1
eff and HK2 are defined as HK1
eff¼ 2K1eff/MSþ 4K2/MS
and HK2¼ 4K2/MS, respectively, where MS is the spontane-
ous magnetization. The temperature dependence of HK1
eff
and HK2 is shown in Fig. 2(b). Both HK1
eff and HK2 increase
monotonically with decreasing T. The increase in HK2
(¼4K2/MS) indicates that K2 also increases with decreasing T
because MS increases monotonically with decreasing T.
From the temperature dependence of HK1
eff and HK2, we
obtain the temperature dependence of 2K1
eff/MS, which
decreases gradually with decreasing T as shown in Fig. 2(b).
The easy-cone state appears when the following conditions
are simultaneously satisfied: K1
eff< 0 and K2>0.5K1eff,
which can be converted into K1
eff/MS< 0 and K2/K1
eff
<0.5 as a more relevant form for the FMR results. In Fig.
2(c), we plot the relationship between K1
eff/MS and K2/K1
eff
using the results shown in Fig. 2(b) as a function of T. The
shaded area in Fig. 2(c) indicates the region where the easy-
cone state appears. K1
eff/MS shows a negative value at all
measured temperatures, and K2/K1
eff decreases with decreas-
ing T, resulting in the appearance of the easy-cone state
below 200 K.
Next, we conduct cavity FMR experiments under
applied electric field E in order to elucidate the effect of E
on the cone angle in the easy-cone state. The field-angle
dependence of HR under various E values at 4 K is shown in
Fig. 3(a). Square, circular, and triangular symbols corre-
spond to the results obtained under 0.10, 0, and 0.11 V/nm,
respectively. The value of hH at which HR takes the mini-
mum varies with the electric field. We determine the anisot-
ropy fields HK1
eff and HK2 from the field-angle dependence
of HR. Figures 3(b) and 3(c) show the electric-field depen-
dence of HK1
eff and HK2 as a function of T, respectively.
HK1
eff linearly decreases by applying positive E and HK2 is
virtually constant, consistent with previous studies.19,20
While there are reports that suggest K2 has its origin in inter-
facial anisotropy,23,24 the experimental finding that K2 is
insensitive to the CoFeB thickness suggests that K2 has its
FIG. 1. Ferromagnetic resonance spectra measured at various magnetic
field angles hH measured in the absence of the electric field at (a) 300 K and
(b) 20 K.
FIG. 2. (a) Magnetic field angle hH dependence of resonance field HR as a
function of temperature T in the absence of electric field E. The temperature
dependence of (b) magnetic anisotropy fields HK1
eff and HK2. (c) The rela-
tionship between K2/K1
eff and 2K1
eff/MS at various temperatures where K1
eff
(K2) is the effective first-order anisotropy energy constant (the second-order
magnetic anisotropy energy constant) and MS is the spontaneous magnetiza-
tion. In the shaded area, the easy-cone state appears.
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origin in bulk magnetic anisotropies.19 Further studies includ-
ing first-principles calculations are necessary to clarify the ori-
gin of K2. The results indicate that K1
eff can be modulated by
E, whereas K2 cannot be modulated, and as a consequence,
K2/jK1effj decreases linearly with increasing E. Therefore, the
cone angle hc can also be modulated by E, as seen from the
following equation: hc¼ sin1[(K1eff/2K2)0.5], where hc is
measured from the film normal direction. By using this equa-
tion and the results shown in Figs. 3(b) and 3(c), we obtain
the electric-field dependence of hc as a function of T as shown
in Fig. 3(d). As can be seen, hc increases with increasing E,
resulting from the decrease in K2/jK1effj.
Finally, we discuss the impact of the cone angle modula-
tion with the electric field on the intrinsic critical current in
the MTJ using STT-induced switching. In the present study,
we find that the cone angle varies about 10 by the applica-
tion of E¼60.1 V/nm. By using the analytical formula
for intrinsic critical current density JC0 in the free layer
exhibiting the easy-cone state,6 a variation of JC0 by the
electric field can be expressed as follows: jJC0 (E)j/jJC0 (0)j
¼ [l0HK1eff (E)/l0HK1eff (0)]3/2, from which the variation of
JC0 is determined to be 0.5 for E¼ 0.1 V/nm using the
value of HK1
eff at 4 K shown in Fig. 3(b).6 This calculation
indicates that the modulation of magnetic anisotropy by the
electric field needs to be taken into account for the MTJ
using the free layer with the easy cone state.
In summary, we have studied the electric-field depen-
dence of the cone angle in CoFeB/MgO as a function of tem-
perature using ferromagnetic resonance. As temperature
decreases, the second-order perpendicular magnetic anisot-
ropy energy constant divided by the spontaneous magnetiza-
tion K2/MS increases and effective first-order perpendicular
magnetic anisotropy constant divided by spontaneous mag-
netization K1
eff/MS gradually decreases, resulting in the
appearance of the easy-cone state below 200 K. By applying
an electric field, K1
eff/MS is modulated, whereas K2/MS is
virtually constant at all measured temperatures. From the
electric-field dependence of 2K1
eff/MS and K2/MS, we find
that the cone angle is modulated by the electric field. The
present study reveals that the modulation of anisotropy by
the electric field needs to be taken into account for the mag-
netic tunnel junction using the free layer with the easy-cone
state.
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